The formation of interfacial moiré patterns from angular and/or lattice mismatch has become a powerful approach to engineer a range of quantum phenomena in van der Waals heterostructures 1,2,3,4 . For long-lived and valley-polarized interlayer excitons in transitionmetal dichalcogenide (TMDC) heterobilayers 5 , signatures of quantum confinement by the moiré landscape have been reported in recent experimental studies 6-9 . Such moiré confinement has offered the exciting possibility to tailor new excitonic systems, such as ordered arrays of zero-dimensional (0D) quantum emitters 1 and their coupling into topological superlattices 1,10 . A remarkable nature of the moiré potential is its dramatic response to strain, where a small uniaxial strain can tune the array of quantum-dot-like 0D traps into parallel stripes of one-dimensional (1D) quantum wires 4 . Here, we present direct evidence for the 1D moiré potentials from real space imaging and the corresponding 1D moiré excitons from photoluminescence (PL) emission in MoSe2/WSe2 heterobilayers. Whereas the 0D moiré excitons display quantum emitter-like sharp PL peaks with circular polarization, the PL emission from 1D moiré excitons has linear polarization and two orders of magnitude higher intensity. The results presented here establish strain engineering as a powerful new method to tailor moiré potentials as well as their optical and electronic responses on demand.
We choose the MoSe2/WSe2 heterobilayer as model because signatures of moiré interlayer excitons trapped in 0D moiré potential have recently been reported 8, 9 . The heterobilayer is either sandwiched between thin hexagonal boron nitride (h-BN) flakes, schematically illustrated in Fig.   1a , or (wherever noted) without the top h-BN capping, obtained from the transfer stacking method 11, 12 . TMDC heterobilayers are intrinsically endowed with moiré landscapes, as illustrated by the hexagonal moiré pattern in Fig. 1b with period ≈ /%(Δθ) * + δ * , where a is the monolayer lattice constant and δ is the lattice mismatch and Δq is the twist angle 1, 13 . The latter can be determined by second harmonic generation (SHG) 14 . This moiré pattern can be strongly modified by applying differential strain (i.e. inequivalent strains on the two constituting layers).
Specifically, a modest uniaxial strain on the order of δ can transform the moiré pattern into a hierarchy of a primary structure consisting of elongated ovals (arrows) that are parallel to each other to form a secondary structure of pseudo 1D stripes (dashed lines), Fig. 1c . For small Δθ (from 0 o or 60 o ), the differential and uniaxial tensile strain merges the elongated ovals into 1D stripes, Fig. 1d 4 . We directly image the moiré superlattice structure using piezoresponse force microscopy (PFM) on heterobilayer samples. Since TMDC monolayers and bilayers are known to exhibit strong piezoelectric response 15, 16 , the moiré landscape modulates the piezoelectric tensor elements, leading to lateral deformations of the TMDC heterostructure in the presence of a vertically applied AC electric field. This electromechanical coupling is the basis for sensitive real space imaging by PFM of the moiré patterns typically not visible in conventional atomic force microscopy (AFM) 17 .
We observe two distinct moiré superlattice structures on multiple samples. Figure 1e shows the PFM image of type-I, i.e., normal hexagonal moiré pattern (illustrated in Fig. 1b . 1e ) identifies the pseudo 6-fold symmetry, with a superlattice constant of b = 6.0±0.5 nm, corresponding to Δq = 57.0±0.5°, in good agreement with AB stacking of Δq = 58.0±0.4° determined in SHG (Fig. S1a ). Similar type-I PFM image has also been obtained for heterobilayer with thin (2 nm) top BN capping, albeit at reduced resolution (Fig. S2 ). The second type is distorted moiré 1D superlattice experimentally observed as type-II PFM image in Fig. 1f . This is the same MoSe2/WSe2 heterobilayer sample imaged in Fig. 1e , but transferred from the tape to a harder SiO2/Si substrate. The image features 1D-stripes with longitudinal periodicity of 10.0±2.0 nm in the left and top regions in Fig. 1f , as confirmed by the 2-fold symmetry in FFT (inset). The 1D structure may contain a hierarchy illustrated in Fig. 1c and partially visible as wavy stripes in the PFM image in Fig. 1f . In addition, the middle of the FFT reveals pseudo 6-fold symmetry. This is derived from pattern in the lower right, which is characterized by large rhombic unit cells (see yellow dashed box) with superlattice constant varying between 20 and 50 nm, corresponds to varying local twist angles of Δq = 59.2° -59.8°. The strain field causing the distortion of the moiré pattern varies from location to location.
The observation of two types of moiré patterns by PFM imaging is accompanied by two distinctive types of PL emission spectra at low excitation densities (nex ≤ 1x10 10 cm -2 ). On ~20% of samples, we observe sharp PL emission peaks (full-width-at-half-maximum, FWHM ≤ 1 meV), labeled type-I, with strong circular polarization under circularly polarized excitation ( Fig. 1g) . On the majority of samples (~80%), we observe a single broader PL emission peak (FWHM ≥ 8 meV), labeled type-II, with little circular but strong linear polarization (see below). For either AA-or AB-stacked samples, the PL intensity of type-II is over two-orders of magnitude higher than that of type-I. These two distinct types of PL features originate from the two types of moiré patterns as we establish below.
The type-I PL is consistent with the spectral features reported by Seyler et al, 18 which has been attributed to the 0D moiré excitons in the hexagonal moiré landscape ( Fig. 1b) . In such a moiré landscape, the excitonic potential traps in each super-lattice unit cell are located at high-symmetry points with C3v symmetry 13, 19 , a pre-requisite for preserving circular valley optical selection rule.
At an excitation density of nex ~ 1x10 10 cm -2 , we estimate that the total number of interlayer excitons, Nex, in a diffraction-limited focal spot (~1x10 -8 cm 2 ) is about 100. This finite number of excitons can be loaded into a finite number of quantum-dot-like traps, with local variations due to heterogeneity in strain and electrostatics. As a result, one observes quantum dot like PL emission.
We characterize in detail such type-I PL emission on a MoSe2/WSe2 heterobilayer sample with h-BN encapsulation (top and bottom), with a small twist angle Dq = 1.6 ± 0.4° and sub-nm scale flatness (see Fig S3) . The results are in excellent agreement with those reported by Seyler et al. 18 .
The type-II PL with a single emission peak, seen in ~80% of the samples with AA or AB stacking, originates from the type-II 1D stripe pattern as revealed by the linear polarization of the emitted light. We spatially correlate PFM imaging with PL polarization on two representative spots, labeled 1 and 2 on the AFM image in Fig. 2a , on the same MoSe2/WSe2 heterobilayer sample as in Fig. 1e . PL spectra from these two spots are shown in Fig. 2b . The vertical 1D stripe patterns in PFM images from both spots, Fig. 2c and Fig. 2d , are correlated with the linearly polarized PL emission, Fig. 2e and Fig. 2f . In each case, the direction of the peak linear polarization distribution is at an acute angle from the main direction of the stripes in PFM image and can be correlated with the primary structure (elongated ovals in Fig. 1c ) in the hierarchical 1D moiré patterns. Linearly polarized PL emission is well known from semiconductor nanowires and carbon nanotubes 20, 21 .
Thus, we take the linear PL emission and its spatial correlation with the real-space 1D moiré morphology as evidence for the 1D moiré potential.
We now analyze the type-II PL emission in detail using MoSe2/WSe2 heterobilayer samples completely encapsulated by h-BN, which is known to reduce electrostatic heterogeneity, decrease PL peak width, and increase PL intensity 22 . Fig. 3 shows key characteristics of PL emission for an AA-stacked MoSe2/WSe2 heterobilayer with Dq = 3.3 ± 0.4° (see Fig. 3a for an optical image, (blue dots) as a function of azimuthal angle (q) in the surface plane from four representative locations, at nex = 8.6 × 10 10 cm -2 . In each case, the solid blue curve is fit to I = A*cos 2 (q−qo)+C:
where the first term describes linear polarization in the direction qo and the second term is an isotropic distribution. For regions exhibiting pure type-II PL emission ( Fig. 3e, f) , the polarization is also purely linear (C negligible). In regions (Fig. 3g, h) characterized by mainly type-I and partially type-II-like PL emission, the anisotropic distribution of polarization can be approximated by A and C of similar amplitudes. for e, f, g, h, respectively), suggesting the spatial evolution of strain fields in the sample. On the other hand, the PL intensity is independent of the polarization of excitation light, at the intralayer exciton energy, as shown by the isotropic dependence (orange dots in Fig. 3e ). Thus, we infer that the 1D moiré pattern has negligible effect on the intralayer excitons, where moiré potential is expected to be shallower than that for interlayer excitons 1 .
The hetero-strain field can vary locally depending on details of fabrications and sample condition, such as the presence of bubbles in the heterobilayer or between the heterobilayer and BN encapsulation layers. Both 0D and 1D moiré traps can co-exist at different regions on the same sample. We have confirmed this, as shown in Fig to reach the bottom of the potential well where the radiative recombination rate is highest and larger phase space for energy-momentum conservation in radiative recombination.
Since both 0D and 1D moiré excitons result from relatively shallow local potential traps on a 2D landscape, we expect interlayer excitons to also form outside these traps at sufficiently high excitation densities due to mutual repulsion among these excitons with permanent electric dipoles 1 .
These are confirmed for the 1D moiré excitons in Fig. 4 . The first evidence comes from the reduction of linear polarization. As shown in Fig. 4a , when the excitation density increases from nex = 6.1x10 9 to 7.3x10 12 cm -2 , the purity of linear polarization, p = (Imax -Imin) / (Imax + Imin), decreases from 0.89 to 0.63. The second evidence comes from the evolution in peak shapes, Fig.   4b . With increasing nex, the single PL peak attributed to the 1D moiré exciton evolves into a multipeak shape, with growth of shoulder features on both lower and higher energy sides. This evolution is particularly evident above the Mott density (nMott ~ 3x10 12 ) 12 .
The solid curves in Fig. 4b show approximate deconvolutions of the spectra into the main asymmetric PL peak (1) and three Gaussian peaks, with positions shown by the dashed lines. Peaks (2) and (3) are on the lower energy side of the main peak, and peak (4) is on the higher energy side. Similarly, we observe the evolution of the initially quantum-emitter like type-I moiré excitons into broader multiple PL peak-shapes as excitation density is increased above nMott, as shown in Figs. S6 and S7. These results suggest the radiative recombination from increased population of interlayer excitons outside the 0D or 1D moiré traps at sufficiently high excitation density.
The exact origin of multiple PL peak shapes for interlayer excitons in the MoSe2/WSe2 heterobilayer at high excitation densities is not well understood at the present. A recent report by Tran et al. 9 attributed similar multiple peaks in the WSe2/MoSe2 heterobilayer to quantized levels within the 0D moiré trap. Here we observe the multiple PL peaks in most WSe2/MoSe2 heterobilayer samples only at high excitation densities, regardless of the initial nature of the moiré excitons (type-I or type-II); see Figs. S6, S7, and S9. This suggests that the four-peak structure originates from radiative recombination of free interlayer excitons outside the moiré traps.
In both MoSe2/WSe2 and MoS2/WS2 heterobilayers, density functional theory (DFT) calculations suggest that the conduction band minima are at the Q point, not the K point 24, 25 . Thus, the two emission peaks on the lower energy side of the main PL peak may be attributed to the spin- Supporting this, we note that the multiple peaks (2-4) attributed to momentum-indirect excitons are vanishingly small at low excitation densities (≤1x10 11 cm -2 ) but grow much faster with nex than peak (1), Fig. 4c .
The discovery of the 1D moiré potential landscape from uniaxial strain and the corresponding 1D moiré excitons in TMDC heterobilayers has two implications in the growing field of moiré physics. On the one hand, given the susceptibility of 2D crystals to strain within samples consisting of multilayers created by mechanical transfer stacking, one must consider the presence of strain fields in understanding the moiré potential and its heterogeneity in determining physical properties.
On the other hand, this very sensitivity to strain field provides a new method to control the moiré potential landscape in hetorobilayers, leading to optical and electronic responses on-demand. The 1D moiré potential is particularly attractive for strongly correlated and anisotropic charge transport 4, 28 . In comparison to the large strain required to bring in significant changes in monolayers of graphene [29] [30] [31] and TMDCs [32] [33] [34] , moiré strain engineering can be achieved with a modest heterostrain in the order of the lattice mismatch 4 Torr): the sample temperature was raised from room temperature to 523K slowly over two hours, and kept at this temperature (523K) for an additional three hours; then the sample was cooled down to 173K over 30 min, after which the sample was eventually raise up to room temperature over 12
hours.
Polarization-resolved confocal microscopic measurements. PL imaging was performed on a home-built scanning confocal microscope system (Fig. S11) stripe patterns (Fig. 1f) . Similar PFM images have been obtained for WSe2/MoSe2 heterobilayer samples with thin BN capping layers (Fig. S2) , albeit at reduced resolution as compared to the exposed WSe2/MoSe2 heterobilayer. Fig. 1e and 1f , and the PFM-PL correlation measurements in Fig. 2. Panel (b) is the sample corresponding to type-I PL emission in Fig. S3 ; Panel (c) is the sample with linearly polarized PL as shown in Fig. 3 . In (a), SHG signal from the heterobilayer is weaker than those from both the MoSe2 and the WSe2 monolayer (destructive interference), suggesting the stack is AB type; while in (b) and (c), SHG signal from the heterobilayer is stronger than either the MoSe2 and the WSe2 monolayer (constructive interference), suggesting the stack is AA type. We also determined the intensity distribution from the type-I PL emission while rotating a linear polarizer in the surface plane; the resulting angular distribution deviates from the completely isotropic distribution expected from 100% circular polarization and can be attributed to heterogeneity in strain (Fig. S4 ). We emphasize that the optical excitation density (nex ~ 6 × 10 9 cm -2 ) in these measurements is more than 2-3 orders of magnitude below the Mott density (nMott ~ 3×10 12 cm -2 ) 1 . These results are in excellent agreement with those reported by Seyler et al. 2 . (8) and (3) shown in Fig. S8 . Note that, the initially distinct PL shapes at low excitation densities (ne-h < 10 12 cm -2 ) become similar to each other at high excitation densities (ne-h > 10 12 cm -2 ).
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Fig. S10 | Schematic illustration of direct and indirect interlayer excitons and radiative
annihilation of the latter. The band structure shows the conduction band minima at Q and Q' vallleys of strongly mixed MoSe2 and WSe2 characters. The green solid and dashed arrows represent direct interlayer exciton emission at the K and K' valley to give peak 1 in PL emission at low excitation densities. The blue solid and dashed arrows represent indirect excitons involving K-K' valleys. At high excitation densities, radiative annihilation can lead to the emission of two photons assigned to peak 4 in PL spectra. Similarly, the red arrows represent indirect excitons at Q-K or Q'-K' valleys. Radiative annihilation can yield peaks 2 and 3 in PL emission spectra. See text for details.
Fig. S11 | Optical setup for polarization-resolved confocal PL mapping. Polarization-resolved PL mapping measurements was performed on a home-built reflection-geometry microscope system based on a helium-recirculation optical cryostat (Montana, 3 K ~ 350 K). NDF: neutral density filter; Pol: Glan-Taylor polarizer; λ/2 WP: half waveplate; λ/4 WP: quarter waveplate; LPF: long-pass filter; DMLP805: 805 nm long-pass dichroic mirror; SL: telecentric scan lens; TL: tube lens. The black arrow (double-sided or circular) schematically illustrates the polarization nature of light. Note that, the above diagram is demonstrating the optical setup for circular polarization resolved experiments. For emission linear polarization resolved experiments, the λ/4 WP will be removed, while for the detection side, the λ/2 WP and Pol should be switched, and each time after θ degree rotation of Pol, the λ/2 WP should be rotated in the same direct but with θ/2 degree, so that the dependence of the spectrometer detection sensitivity upon the polarization is eliminated. 
Reference:
